D
own syndrome (DS) is the most common genetically defined cause of intellectual disability and is produced by the trisomy of chromosome 21. 1 The approximate rate of live births with DS is 1 in 732 or 5429 each year, and the total estimated number of people with DS in the United States is roughly 300,000.
2 DS is typically accompanied by a moderate degree of intellectual disability, with an IQ range of 30 to 70. 3 In addition, individuals with DS have specific deficits in hippocampus-dependent and prefrontal cortex-dependent functions, affecting spatial learning, memory, and various aspects of language acquisition and comprehension. 4 -7 DS is also associated with neuropathology, indistinguishable from that in Alzheimer's disease, that becomes universal by age 40. 8, 9 Visual deficits similar to those in patients with Alzheimer disease also appear. 10 Visual system impairments are an integral feature of DS and include deficits in visual acuity, accommodation, and contrast sensitivity. [11] [12] [13] [14] [15] [16] [17] [18] Because a significant component of the visual deficits in persons with DS cannot be ameliorated through the use of corrective lenses, there is a strong possibility that a portion of such deficits are due to dysfunction of the central visual pathways. 17 This notion is supported by the finding of abnormal visual evoked potentials (VEPs) in adults 12, 18 and children 15, 17 with DS. Additional evidence of a neuronal origin of some visual deficits in persons with DS comes from the finding of altered dendritic and synaptic morphology in the cortex of individuals with DS. 19, 20 Given the technical tools currently at our disposal, further advances in our understanding of the neurobiology of the visual deficits associated with DS would most certainly necessitate invasive approaches that would not be justifiable in human research settings.
In DS, as in many other fields of biomedical research, mouse models have proven to be essential tools for enhancing our understanding of the pathophysiology of clinical conditions and for testing new therapies in a preclinical setting. The Ts65Dn mouse is the most complete mouse model of DS that is widely available to the scientific community. 21, 22 As a model of human trisomy 21, Ts65Dn mice display a remarkably diverse array of DS-like phenotypes, including performance deficits in different behavioral tasks and alterations in synaptic plasticity and adult neurogenesis. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Genetically, Ts65Dn mice are trisomic for the region of mouse chromosome 16 homologous to human chromosome 21, ranging from Mrpl39 to Znf295, 35 which contains approximately 55% (i.e., 94/170) of the human chromosome 21 protein-coding gene mouse orthologues. 36 From the 1 The mouse visual system has been the focus of several studies in the quest for better understanding of how genetic mutations can affect vision. For example, different research teams have looked at mice lacking cone cells 37 and mice that display retinal degeneration. 38 Various groups have recorded VEPs and performed electroretinography (ERG) in mice. Most such VEP recordings, however, were obtained as flash VEPs, with the recording electrodes being placed on the scalp. 38 -41 Pattern (p)VEPs are a powerful tool for detecting minor visual pathway abnormalities, are more sensitive than flash VEPs, and also have been performed in mice. 37, [42] [43] [44] The use of pVEPs may provide a framework for characterizing visual phenotypes of a variety of transgenic and knockout mice and may complement behavioral experiments.
In the present study, we used ERG and VEP recordings to assess the functional integrity of the Ts65Dn retina and central visual system, respectively. Our ERG assessments indicated no significant deficit in retinal physiology in Ts65Dn mice compared to euploid control mice. However, we found that Ts65Dn mice display deficits in spatial resolution, contrast threshold, and luminance threshold when compared with littermate control mice. These results are qualitatively similar to those found in persons with DS and represent an important first step in the use of Ts65Dn mice as an experimental tool to help us understand how trisomy of the human chromosome 21 affects the visual system.
METHODS

Animals
The original production of the segmental trisomy Ts65Dn has been well described in the literature. 21, 45 Experimental mice were generated by repeated backcrossing of Ts65Dn females to C57BL/6JEi ϫ C3H/ HeSnJ (B6EiC3H) F1 hybrid males in colonies in the Eleanor Roosevelt Institute at the University of Denver or The Jackson Laboratory (JAX). All mice were cytogenetically genotyped for the trisomic segment.
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C3H/HeSnJ mice carry a recessive mutation that leads to retinal degeneration. Consequently, all animals were pre-evaluated by indirect ophthalmoscopy, and only mice without signs of retinal disease were used. The euploid littermates of Ts65Dn mice were used as control subjects. Up to five littermates of the same sex were housed in each cage and were maintained in a 12:12-hour light/dark schedule (lights on at 7 AM) with ad libitum access to food and water. Only males were tested in this study. The total number of mice per genotype used in the experiments was 25 Ts65Dn and 29 euploid control mice, aged 4 to 6 months. Only three Ts65Dn mice and three euploid control mice were used in both ERG and pVEP experiments (which were performed in two different institutions), all remaining animals were used only in a single modality of visual function assessment.
The animal procedures were approved by the Institutional Animal Care and Use Committees of the University of Denver, University of Colorado, and JAX and were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. At the end of the experiments, all animals were killed by cervical dislocation and CO 2 asphyxiation without ever regaining consciousness from the urethane anesthesia.
Electroretinography
All ERG experiments were performed at JAX and by methods previously described by Nusinowitz et al. 44 and briefly described here. The mice were anesthetized with an intraperitoneal injection of xylazine (0.5 mg/mL) and ketamine (1 mg/mL) in normal saline. A volume of 6.25 mL/kg was administered. Body temperature was maintained at 37°C with a heating pad (Harvard Apparatus; Holliston, MA). Pupils were dilated with atropine (1%). For ERG recordings, a gold wire electrode was placed on the corneal surface of the right eye and referenced to a gold wire in the mouth. A needle electrode in the tail served as the ground. The left eye (not stimulated) was occluded with a dark patch during the ERG recordings. Responses were amplified (CP511 AC Amplifier, ϫ10,000; Grass Instruments, Warwick, RI), band-pass filtered (1-300 Hz), digitized with an I/O board (Laboratory-PC-1200; National Instruments, Austin, TX) into a personal computer, and averaged. After overnight dark adaptation of the mice, rod-mediated responses were recorded to short-wavelength ( max ϭ 470 nm; Wratten 47A filter; Eastman Kodak, Rochester, NY), flashed stimuli over a 4.0-log-unit range of intensities. Flash intensity was varied in 0.3-log-unit intervals by combinations of neutral-density filters and intensity settings on the photostimulator control unit. Flash-presentation frequency was 1 Hz, except at the highest intensities, in which the presentation rate was 0.2 Hz. Cone-mediated responses were obtained with white flashes on a rod-saturating background (32 cd/m 2 ) and after 10 minutes of light adaptation.
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Surgery
All pVEP experiments were conducted at the University of Denver. Mice were anesthetized with 20% urethane (Sigma-Aldrich, St. Louis, MO) in PBS by intraperitoneal injection (6.25 mL/kg). A portion of the skull was removed with a dental drill (Handpiece Specialists, Inc., Welches, OR), leaving the dura intact. Mineral oil was placed on the exposed cortex to reduce loss of moisture. A few drops of a commercial eye preparation of 0.5% carboxymethylcellulose sodium was instilled onto both eyes to keep the cornea moist and to prevent the formation of cataracts. 46 At the end of the experiments, the eyes were checked for cataracts by indirect ophthalmoscopy.
Apparatus
The mice were placed in a small-animal stereotaxic system (EM70G; David Kopf Instruments, Tujunga, CA) that was modified to allow a full view of the visual stimulus. Body temperature was monitored and maintained at 37°C with the aid of a rectal temperature probe and a heating pad (Harvard Apparatus). A pulse oximeter (CANL-425SV-A; Med Associates, St. Albans, VT) was attached to the tail vein to measure the oxygen saturation and pulse rate of the animals during the experiments and assure that the percentage of arterial hemoglobin in the oxyhemoglobin configuration was maintained at a minimum of 85% during the entire course of the experiment. To obtain an 81°ϫ 86°v isual field, we placed the computer screen 16.78 cm from the mouse and centered it on the midpoint of the line segment between the middle of the animal's eyes.
Visual Stimuli
Visual stimuli consisted of horizontal sinusoidal gratings of different spatial frequencies (0.04, 0.06, 0.08, 0.12, 0.16, 0.20, 0.24, 0.30, 0.40, and 0.48 cyc/deg), contrast (100%, 90%, 80%, 70%, 60%, 50%, 40%, 30%, 20%, 15%, 10%, 7.5%, and 5%), and luminance (30, 15, 7.5, 3.75, 1.87, 0.94, and 0.47 cd/m 2 ), generated by a specialized video card (Cambridge Research System, Rochester, UK) and presented on a 21-in. computer display (1024 ϫ 768 at 120 Hz; FD Trinitron; Sony, Tokyo, Japan) suitably linearized by gamma correction. Transient VEPs were induced by the stepwise reversal of the spatial contrast (i.e., by a 180°phase shift) of sinusoidal gratings at 1 Hz. Stimulus contrast
where L max and L min are maximum and minimum luminances, respectively.
Electrophysiological Recording of pVEPs
A glass-coated metal (platinum 80%/iridium 20%) electrode (FHC, Bowdoinham, ME), with a tip impedance of 0.5 M⍀, was inserted into the visual cortex 3.0 mm lateral to lambda, 42 to detect ensemble VEPs. Except for the laminar analysis experiments, the electrode was advanced 400 m to record from layer IV of the primary visual cortex. In experiments involving laminar analysis, microelectrodes were advanced 50 to 800 m in 50-m steps within the cortex, and the electrode track was reconstructed by electrolytic lesions (5 mA, 5 seconds) made at different cortical depths. The electrode was advanced with a three-axis electrode micromanipulator with a digital display and a resolution of 1 m (EM70G; David Kopf Instruments). The resulting signals were then amplified by an AC differential amplifier (ϫ1000, DAM 80; World Precision Instruments, Sarasota, FL) and then passed through a 50/60 cycle noise eliminator (Hum Bug; Quest Scientific, North Vancouver, BC, Canada). The signal was then amplified another 20-fold by an instrumentation amplifier (Precision Electrophysiology Amplifier with signal conditioner Model 440; Brownlee San Jose, CA), band-pass filtered (0.1-100 Hz, Ϫ3 dB), and digitized (16-bit resolution) into a computer at a sampling rate of 1 kHz (Digidata 1322A; Axon Instruments, Union City, CA). Data acquisition, online averaging (at least 100 events synchronized to the stimulus contrast reversal), and off-line analysis of data were performed with allied software (pCLAMP; Axon Instruments).
Data Analysis
Data are expressed as the mean and SEM. VEP peak amplitudes were measured from peak to baseline and only signals that had amplitudes at least two standard deviations above the baseline noise were included in the data analysis. Luminance dependence of the pVEP peak amplitude and peak delay were assessed by subjecting the mice to stimuli of progressively lower luminance, and mean peak amplitude of pVEPs recorded from each mouse were averaged and plotted on a logarithmic scale. Spatial resolution and contrast threshold for each genotype were determined by the linear extrapolation to the 0-V amplitude of the regression line between the individual pVEP amplitudes and the respective stimulus contrasts and spatial frequencies (plotted on a semilogarithmic scale). At least four data points in the lower amplitude range (i.e., the shallow-slope linear range of the graph) were used in linear extrapolation analyses This method was adapted from the study by Campbell and Maffei. 47 In their classic work, the authors found that the semilogarithmic graphing of pVEP amplitudes and the use of the 0-V amplitude extrapolation procedure for lower pVEP amplitudes produces measures that correspond closely to psychophysical thresholds. Spatial resolution and contrast threshold were analyzed by twotailed, unpaired t-tests with Welch's correction (Prism ver. 5; GraphPad Software, San Diego, CA). All other data were analyzed by twoway, repeated-measures analysis of variance (RM ANOVA), and post hoc multiple comparisons were performed by the Fisher protected least significant difference (PLSD) test (Statistica 7.0; Stat-soft, Tulsa, OK). In the figures, statistical significance is expressed as *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001.
RESULTS
Electroretinography
To investigate the presence of potential differences in retinal physiology between Ts65Dn and euploid control mice, we assessed quantitatively ERG responses to flash stimuli of various intensities. A dark-adapted ERG protocol was used to test rod-mediated function (representative traces shown in Figs. 1A, 1B) and a light-adapted protocol was use to test conemediated function (representative traces shown in Figs. 1C,  1D ). Peak means were averaged and plotted on a logarithmic scale (Figs. 1E, 1F ). For the dark-adapted protocol, two-way RM ANOVA revealed a significant stimulus-intensity dependence (F 10,140 ϭ 242.34, P Ͻ 0.001), but no significant genotype dependence (F 1,14 ϭ 0.37, P ϭ 0.55) for the ERG peak amplitude. In addition, we found no significant interaction between stimulus intensity and genotype for the results obtained in the dark-adapted protocol (F 10,140 ϭ 1.43; P ϭ 0.17). In contrast, analysis of data obtained using the light-adapted protocol showed neither stimulus-intensity dependence (F 4,76 ϭ 0.71, P ϭ 0.59) nor genotype dependence (F 1,19 ϭ 2.69, P ϭ 0.12) for the ERG peak amplitude. Finally, similar to the results obtained in the dark-adapted protocol, we did not detect any significant interaction between stimulus intensity and genotype for the results obtained in the light-adapted protocol (F 4,76 ϭ 0.73; P ϭ 0.57).
Laminar Analysis
To determine the proper depth for recording robust pVEPs, we placed the electrode at various depths (varying from 50 -800 m, in 50-m increments) in the primary visual cortex of both the Ts65Dn and the euploid littermate control mice. VEPs were induced by a full-field reversing stimulus consisting of horizontal sinusoidal gratings of 90% contrast and 0.06-cyc/deg spatial frequency, which was reversed in a stepwise fashion at 1 Hz. As was previously reported, 42 the pVEP waveforms were very simple, with a major component peaking at 90 to 100 ms. In superficial layers (50 -250-m electrode advancement) the waveform was positive. In deeper layers, however, the waveform was negative. Figures 2A and 2B show traces resulting from the advance of the electrode deeper into the visual cortex. The intracortical pVEP profiles showed clear polarity inversion between 250 and 300 m for both genotypes. Also in agreement with previous work, a depth of 400 m was determined to be optimal for recording maximum-amplitude, negative-peak pVEPs in the euploid control mice, which was true for the Ts65Dn mice as well (Fig. 2C) . These findings suggest that the VEP in the Ts65Dn and control mice are generated at the same laminar location in the visual cortex.
It should be noted that the particular traces depicted in Figure 2 can be considered somewhat atypical for this study, because the pVEP peak amplitudes recorded from Ts65Dn mice were generally larger than those from control mice. In experiments in which mean values were obtained from a fairly large number of animals (see Figs 3, 4, 5) , the mean pVEP peak amplitudes recorded from the Ts65Dn mice were consistently lower than those recorded in the control mice. It should be noted, however, that these data are well within the observed individual variability in each genotype group.
Luminance Dependence
Whether there was genotype and/or stimulus luminance dependence of the pVEP peak amplitude and peak delay was determined by subjecting the mice to stimuli of progressively lower luminance. In general, decreasing the stimulus luminance (in candelas per square meter) resulted in decreased pVEP amplitudes (Figs. 3A, 3B ) and increased pVEP latencies (Fig. 3C) . Responses measurably larger than the baseline noise were recorded throughout the test in all the control animals. However, pVEPs recorded from the Ts65Dn mice had smaller average amplitude than those from the euploid control mice. Consequently, pVEPs from many of the Ts65Dn mice were not detectable at the lowest stimulus luminance (i.e., the Ts65Dn mice had a higher luminance threshold than the euploid mice had). In accordance with these observed qualitative differences, two-way RM-ANOVA showed significant luminance (F 6,132 ϭ 16.43, P Ͻ 0.001) and genotype (F 1,22 ϭ 9.73, P ϭ 0.005) dependence for pVEP amplitude, and a significant interaction between stimulus luminance and mouse genotype (F 6,132 ϭ 2.53, P ϭ 0.024). In addition, post hoc analysis revealed that, irrespective of the stimulus luminance, Ts65Dn mice displayed smaller pVEP amplitudes than did euploid control mice (P Ͻ 0.001, for all stimulus luminances).
We also detected a significant luminance dependence for peak latency (F 6,120 ϭ 7.89, P Ͻ 0.001) and a significant interaction between stimulus luminance and mouse genotype for peak latency (F 6,120 ϭ 2.43, P ϭ 0.030). However, we found no significant genotype dependence for peak latency (F 1,20 ϭ 0.0024, P ϭ 0.96).
Spatial Resolution
We determined whether spatial resolution was dependent on genotype by subjecting the mice to stimuli of progressively higher spatial frequencies. In general, the pVEP amplitude was inversely proportional to the stimulus spatial frequency, with mean pVEP amplitudes in the Ts65Dn mice being smaller than those of the control euploid mice (Fig. 4A) . Accordingly, twoway RM-ANOVA revealed a significant spatial frequency (F 9,198 ϭ 32.92, P Ͻ 0.001) and genotype (F 1,22 ϭ 5.14, P ϭ 0.034) dependence of the pVEP amplitude. Nevertheless, no interaction was found between stimulus and mouse genotype (F 9,198 ϭ 1.78, P ϭ 0.073). Fisher's PLSD post hoc tests detected significant genotype-dependent differences for the following stimulus spatial frequencies: 0.04 (P Ͻ 0.001), 0.06 (P ϭ 0.0019), 0.08 (P ϭ 0.016), 0.12 (P Ͻ 0.001), and 0.16 (P ϭ 0.0016) cyc/deg. (Note that responses measurably larger than the baseline noise were recorded routinely at spatial frequencies higher than 0.4 cyc/deg in the control animals, whereas it was unusual for us to detect any response from the Ts65Dn mice at this spatial frequency and higher.) Spatial resolution, which is the electrophysiological correlate of visual acuity, was determined by linearly extrapolating to the 0-V amplitude the regression line between the individual pVEP amplitudes and the corresponding stimulus spatial frequencies (plotted on a semilogarithmic scale) 42, 47, 48 (Figs.  4B, 4C) . We found that the spatial resolution calculated by this method was significantly lower in the Ts65Dn mice (0.29 Ϯ 0.038 cyc/deg; n ϭ 12) compared with that in the control euploid mice (0.47 Ϯ 0.043 cyc/deg; n ϭ 12; P ϭ 0.0066; unpaired t-test with Welch's correction; Fig. 4D ).
Contrast Threshold
To determine whether contrast threshold was dependent on genotype, we subjected the mice to stimuli of progressively lower contrast. The percentage of contrast represents the peak-to-valley difference in pixels for the sinusoidal gratings FIGURE 1. ERG recordings in dark-and light-adapted protocols. Representative traces from control and Ts65Dn mice, respectively, in the (A, B) dark-adapted and (C, D) light-adapted protocols. Mean ERG Ϯ SEM peak amplitudes for euploid control (n ϭ 9) and Ts65Dn (n ϭ 9) mice under the (E) dark-adapted protocol (note that error bars are smaller than symbols in this figure) and (F) light-adapted protocols.
(with black versus white being defined as 100% contrast). As illustrated in Figure 5A , the pVEP amplitude was directly proportional to the stimulus contrast. Two-way RM-ANOVA confirmed this dependence of the pVEP amplitude on the stimulus contrast threshold (F 11,242 ϭ 70.99, P Ͻ 0.001). The pVEP amplitude, however, was not significantly genotype dependent (F 1,22 ϭ 3.75, P ϭ 0.066). Furthermore, no significant interaction between stimulus contrast and mouse genotype was detected (F 11,242 ϭ 1.17, P ϭ 0.31).
We found that, typically, responses measurably larger than the baseline noise were recorded at stimulus contrasts up to 5% in the euploid control mice, but it was unusual for Ts65Dn mice to display responses to this low level of contrast. To determine contrast thresholds, we again used the method of linearly extrapolating to the 0-V amplitude the regression line between the individual pVEP amplitudes and the corresponding stimulus contrasts (plotted on a semi-logarithmic scale) 42, 47, 48 (Figs. 5B, 5C ). Statistical comparison of the mean contrast thresholds between values obtained revealed a reduced contrast threshold (P ϭ 0.0023; unpaired t-test with Welch's correction) in the Ts65Dn mice (10.94% Ϯ 1.41%; n ϭ 12) compared with that in the euploid control mice (5.18% Ϯ 0.73%; n ϭ 12; Fig. 5D ).
DISCUSSION
The Ts65Dn mouse continues to gain prominence in the field of DS research as the most complete mouse model for DS that is widely available. Over the past two decades, results from several laboratories have unveiled many DS-like phenotypes in these mice. [31] [32] [33] [34] In this study, we continued the historical trend by presenting results supporting the hypothesis that the Ts65Dn trisomic segment is sufficient to produce many DS-like visual deficits. For example, similar to persons with DS, the Ts65Dn mice produced pVEPs of significantly smaller amplitudes than littermate control mice in response to all stimulus luminances tested. The Ts65Dn mice had lower spatial resolution (the electrophysiological correlate of visual acuity) and higher contrast threshold (the electrophysiological inverse correlate of contrast sensitivity) than did the euploid control mice. These findings are relevant to the modeling of DS, because individuals with DS display decreased visual acuity and reduced contrast sensitivity when compared with the general population. It is noteworthy that, although the observed genotype effects were small (Ϸ0.45 cyc/deg vs. Ϸ0.30 cyc/deg for spatial resolution, and Ϸ5% vs. Ϸ10% for contrast threshold), these reductions are of a magnitude similar to those reported in persons with DS, 17 which provides further evidence to support the Ts65Dn mouse as a model of DS. In addition, because the VEPs in the present study were recorded from mice (which have nonfoveate retinas) under anesthesia, the effects of attention and fixation should have been negligible. Therefore, our results also help strengthen previous assessments in persons with DS, which have the inherent potential confounder of defocusing and of distracted attention, both of which can produce false-positive results (reduced VEP with prolonged time-to-peak) in young subjects when small checks are used as pVEP stimuli. 49 In this study, we did not observe an increase in pVEP latency in the Ts65Dn mice similar to that typically seen in persons with DS. Yet, it is possible that this discrepancy between pVEP findings in Ts65Dn mice and persons with DS may simply be the result of the considerable physical difference in the length of the optical pathways in mice and human beingsthe argument being that, in the short pathway the visual stimulus has to travel in the mouse brain, differences and electrical conduction speed, due for example to differences in axonal diameter or myelination, should have less of an effect than on the much longer human visual pathway. For example, recent work by Martin et al. 50 has shown very small VEP delays (Ϸ2 ms) in shiverer heterozygous (Mbp shi /ϩ) mutant mice, even though these animals display severe hypomyelination of the optic nerve and the optic tract. In contrast, VEP latency has been used as a reliable indicator of the severity of demyelination of the central nervous system in persons with multiple sclerosis 51 (with typical VEP delays being 15 to 20 ms), although in many instances, the level of demyelination in such patients is comparatively milder than that observed in Mbp shi /ϩ mutant mice. Although pVEPs have been used to assess visual function in mutant mice, 37, 38, 50, 52, 53 there has been no report of the use of this technique in a mouse model of a human brain disorder. Although flash VEPs have been recorded in amyloid precursor protein transgenic mice, 53 those investigators did not use pVEPs, which means that they could not assess spatial resolution or contrast threshold in the mice. In addition, it is unlikely that the small, but significant differences observed in contrast threshold and spatial resolution between the genotypes reported herein could have been detected reliably with the use of scalp electrodes. Therefore, the findings from the present study should establish an important precedent for the use of pVEPs for the study of animal models of human neurologic and neuropsychiatric diseases that produce deficits in visual parameters as seen, for example, with the visual deficits reported in Alzheimer disease. 54 -56 The present study was not meant to be a comprehensive investigation of the visual physiology of Ts65Dn mice, but rather, a first approach to this area of inquiry. Our primary goals were to validate further the use of these animals as a mouse model of DS and to raise awareness of potential confounders in the interpretation of some behavioral assessments in Ts65Dn mice. We believe we accomplished these goals in the present study. Nevertheless, we are also aware that we have not addressed other ophthalmic and neuroophthalmic disorders frequently seen in persons with DS, such as strabismus, spontaneous and latent nystagmi, deficiencies in accommodation, and refractive errors, which may also be phenotypes of the Ts65Dn mouse and may help explain some of our findings. It is important to point out, however, that in a published human VEP study, 12 even subjects with DS who did not present any of these ophthalmic and neuroophthalmic disorders showed significant reductions in VEP amplitude compared with typical control individuals. In addition, altered dendrite arbors and dendritic spine morphology have been described in brain specimens from persons with DS and from Ts65Dn mice, 19, 20 which provide some support to a potential neural sensory origin to the pVEP phenotypes we observed in the Ts65Dn mice. Finally, our coarse comparative laminar analysis of the visual cortex of control and Ts65Dn mice showed no differences in terms of the depth at which the pVEP peak polarity reversals occur (i.e., between 250 and 300 m) or the depth at which the maximum negative pVEP peaks could be recorded (400 m). Given that these results agree with historical data, 42 we have not proceeded to record data from a sufficient number of animals to perform meaningful statistical analyses. Because of the high quality of our stereotactic apparatus and the extreme care taken during the execution of the electrophysiological recordings described herein, it is improbable that the depth of electrode placement varied by more than a few micrometers from animal to animal. However, because the diameters of our electrolytic lesions were as large as 50 m, they were not precise enough to discriminate histologically small electrode depth differences that could have had a potentially significant impact on VEP amplitudes. Also, in the present study, we did not attempt to perform a quantitative analysis of the thickness of the layers of the visual cortex of the Ts65Dn versus the euploid control mice. This comparison is of importance because even a fairly subtle level of cortical dysmorphology in Ts65Dn mice could contribute to the genotype effect on pVEP amplitudes observed in the present study. Therefore, more work involving finer electrode advancements/electrolytic marking and careful histologic analysis is needed to determine whether significant dysmorphology is present in the cortical layers of Ts65Dn mice compared with those of euploid control animals. However, it is also important to note that the linear extrapolation analysis used for the determination of the two most clinically relevant phenotypes assessed in this study (i.e., spatial resolution and contrast threshold), should not be affected significantly by animal-to-animal variations in VEP amplitudes.
The present results may also further assist the identification of potential confounders to the interpretation of behavioral studies using Ts65Dn mice and other animal models of DS; particularly those involving the Morris water maze. In the field of DS research, the Morris water maze has been used extensively in the search for potential surrogate markers of DS-like hippocampus dysfunction in the Ts65Dn mouse since 1995. [57] [58] [59] [60] [61] The performance on the hidden platform component of the task is impaired by hippocampal lesion in both rats 62 and mice. 63 However, different laboratories use different types of extramaze cues. Often, such cues are simply room landmarks, such as doors, laboratory furniture, and laboratory equipment. Therefore, depending on the level of contrast of the extramaze cues (e.g., gray cabinets in an experimental room with gray painted laboratory walls), even mild-to-moderate visual deficits (such as those of Ts65Dn versus control euploid mice, as predicted from the analysis of the pVEP data presented herein) have the potential to reduce significantly an animal's ability to use such landmarks for navigation. These potential confounders can become particularly problematic in the interpretation of Morris water maze data when the difference in performance between experimental and control rodents is small, which is exactly the case with Ts65Dn mice. 59 Unfortunately, the standard Morris water maze visual control, the visible platform task is too crude to identify the potential behavioral effects of mild-to-moderate visual deficits. As noted by Robinson et al., 64 even animals with severe visual deficits may be perfectly able to solve this task, as the cued platform stands out from the surrounding environment. Consequently, even with the use of the cued platform control experiment, in which the Ts65Dn mouse typically performs at the same level as the euploid control, visual deficits can still represent a significant confounding factor in the interpretation of the results of Morris water maze experiments.
Finally, a better understanding of the visual system of individuals with DS through the use of mouse models could eventually lead to more targeted pharmacologic and rehabilitative therapies and improved educational opportunities and quality of life for persons with DS.
